onr  '  ^  noRi 

Naval  Research  Laboratory 

Washington.  DC  2037&-5000 


NRL  Memorandum  Report  6065 


AD-A200  350 


Design  of  a  High  Voltage  Multi-Cavity  35  GHz  Phase-Locked 

Gyrotron  Oscillator 

A.  W.  FLiFLET,  S.  H.  Gold  and  w.  m.  Manheimer 

High  Power  Electromagnetic  Radiation  Branch 
Plasma  Physics  Division 


November  1,  1988 


KCIV  1  8  i988;  ,'!  ^ 


Approved  for  public  release,  distribution  unlimited. 


s  1  i  ^  ■ 


0  5  3 


REPORT  DOCUMENTATION  PAGE 

form  Approved 

0MB  No  0704-0188 

Id,  REPORT  SECURITY  CLASSIFICATION 

UNCLASSIFIED 

lb  RESTRICTIVE  MARKINGS 

2b.  OECLASSiFlCATlON  /  OOWNGRAOING  SCHEDULE 


4  PERFORMING  ORGANIZATION  REPORT  NUM8ER<S) 

NRL  Memorandum  Report  6065 


6a.  NAME  OF  PERFORMING  ORGANIZATION 


Approved  for  public  release;  distribution 
unlimited. 


5  MONITORING  ORGANIZATION  REPORT  NUM8ER(S') 


Naval  Research  Laboratory 


6c  ADDRESS  (City.  Stat€,  jnd  2iP 


6b.  OFFICE  SYMBOL  |  7a.  NAME  OF  MONITORING  ORGANlZAfiON 

(ii  app/fcab/ej  I 


Code  4740 


ADDRESS (Cty.  State,  andZ'PCoc''" 


Washington,  DC  20375-5000 


8a.  NAME  OF  FUNDING /SPONSORING 
ORGANIZATION 


8b.  OFFICE  SYMBOL  I  9  PROCUREMENT  INSTRUMENT  IDENTIFICATION  VUM8£R 

(If  app/icab/ei  I 


10.  SOURCE  OF  FUNDING  NUMBERS 


PROGRAM 

PROJECT 

TASK 

ELEMENT  NO 

NO 

NO 

8c  ADDRESS  (City,  ^nd  ZIP  Code) 


11.  title  (Include  Security  Classification) 

Design  of  a  High  Voltage  Multi-Cavity  35  GHz  Phase-Locked  Gyrotron  Oscillator 


12,  PERSONAL  AUTHOR(S> 

Fliflet,  A.W.,  Gold,  S.H.  and  Manh^imer,  W.M. 


13a.  TYPE  OF  REPORT  Ub  TIME  COVERED  IT  DATE  OF  REPORT  {Year.  Month.  Day) 

p«OM _ TO _  1988  November  1 


16  supplementary  NOTATION 


COSATl  COOES 


FIELD 

GROUP 

1®:  SUBJECT  TERMS  (Continue  on  reverse  if  necessary  and  identify  by  block  numoerj 

Gyrotron  Phase-locked 

Oscillator 


19  abstract  (Continue  on  reverse  if  necessary  and  identify  by  block  number) 

_ _ 

— "This  paper  describes  the  design  for  an  experimentaJ  high  power,  phase-locked  gyrotron  oscii,ator.  The 
electron  beam  is  generated  by  a  1  MV  pulseiine  accelerator,  and  the  reference  signal  is  provided  by  a  35 
GHz,  20  kW  magnetron.  The  expected  output  power  is  in  the  range  of  1  to  10  MW.  The  design  is  based  on 
a  solid  1  MeV,  100  Amp,  4  ram  electron  beam  with  a  momentum  pitch  ratio  a  of  0.75.  The  locking  signal 
from  the  magnetron  is  introduced  via  a  prebunching  cavity.  A  second  (passive)  bunching  cavity  is  used  to 
increase  the  locking  frequency  bandwidth  obtainable  with  a  given  locking  power.  The  bunching  cavities  are 
designed  to  operate  in  the  fundamental  TE,ii  cylindrical  cavity  mode.  Some  competition  from  the  TE,,; 
higher  order  axial  mode  could  not  be  avoided  due  to  the  constraint  on  the  minimum  drift  tube  diameter  set  by 
the  requirement  to  propagate  the  electron  beam.  .The  bunching  cavities  include  two  axial  slots  to  copfol  the 
cavity  Q  factor  and  suppress  competing  modes.  Additional  slots  and  apertures  are  used  to  suppress  oscillation 
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in  the  drift  spaces.  The  output  cavify  operates  in  the  TE121  mode  and  is  also  slotted  to  reduce  competing 
mode  excitation.  The  maximum  phase-locking  bandwidth  is  estimated  to  be  0. 1  %  and  the  time  to  achieve 
phase4ocked  operation  is  about  20  nsec  which  is  consistent  with  the  pulselength  of  the  NHL  VEBA  accelera¬ 
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DESIGN  OF  A  fflGH  VOLTAGE  MULTI-CAVITY  35  GHZ 
PHASE-LOCKED  GYROTRON  OSCILLATOR 

I.  Introduction 

This  paper  describes  the  design  for  an  experimental  high 
power,  phase-locked  gyrotron  oscillator.  The  electron  beam  is 
generated  by  a  1  MV  pulseline  accelerator,  and  the  reference 
signal  is  provided  by  a  35  GHz,  20  kw  magnetron.  The  expected 
output  power  is  in  the  range  of  1  to  10  MW.  The  experiment  is 
intended  to  serve  as  a  test  bed  for  the  development  of  very  high 
peak  power  phase-locked  gyrotron  oscillators.  These  oscillators 
are  of  interest  as  sources  for  advanced  high-accelerating- 
gradient  RF  accelerators  and  as  sources  for  phased-array 
di rected-energy  antenna  systems.  The  experiment  should  allow  the 
investigation  of  important  elements  of  the  design  of  these 
devices  and  of  the  diagnostics  required  for  demonstrating 
phase-locked  operation  under  short  pulse,  low  repetition-rate 
conditions. 

A  schematic  of  the  experimental  configuration  is  shown  in 
Fig.  1.  A  solid  1  MeV,  -100  A  electron  beam  is  produced  by  the 
NRL  VESA  pulseline  accelerator,  with  a  voltage  pulse  length 
(FWHM)  of  approximately  55  nsec  and  a  voltage  flat-top  of 
approximately  30  nsec.  The  beam  will  be  produced  by  a  modified 
version  of  the  VESA  diode  previously  u^ed  P'":du>  «  ^  h'ah 
quality,  low  transverse  velocity  beam  for  millimeter  wavelength 
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f ree-electron  laser  (FED  experiments.  The  required  beam 
transverse  momentum,  the  free  energy  source  for  the  cyclotron 
resonance  maser  interaction,  is  produced  initially  by  a  bifilar 
helical  wiggler  and  then  increased  to  a  final  momentum  pitch 
ratio  a  of  approximately  0.75  by  adiabatic  compression  of  the 
axial  magnetic  field.  The  locking  signal  from  the  magnetron  is 
introduced  via  a  prebunching  cavity.  A  second  (passive)  bunching 
cavity  is  used  to  increase  the  locking  frequency  bandwidth 
obtainable  with  a  given  locking  power. 

The  bunching  cavities  are  designed  to  operate  in  the 
fundamental  TEj j j  cylindrical  cavity  mode.  The  use  of  this  mode 
simplifies  the  problems  of  spurious  mode  excitation  and  cavity 
crosstalk  which  can  occur  when  the  bunching  cavities  are  designed 
to  operate  in  a  higher  order  mode.  Some  competition  from  the 
TEj j j  higher  order  axial  mode  could  not  be  avoided  due  to  the 
constraint  on  the  minimum  drift  tube  diameter  set  by  the 
requirement  to  propagate  the  electron  beam.  The  bunching 
cavities  include  two  axial  slots  to  control  the  cavity  Q  factor 
and  suppress  competing  modes.  Additional  slots  and  apertures  are 
used  to  suppress  oscillation  in  the  drift  spaces.  The  output 
cavity  operates  in  the  TEj , j  mode,  since  this  mode  is  better 
matched  to  a  10  MW  level  output  power  than  is  the  fundamental 
mode.  The  output  cavity  is  also  slotted  to  reduce  competing  mode 
exci tation . 

I 
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II.  Phase-locking  Bandwidth 


A  linear  theory  of  gyrotron  oscillator  phase  locking  via  a 
prebunching  cavity  has  been  presented  by  Manheimer  (1987).  The 
nonlinear  theory  of  gyrotron  phase  locking  has  been  investigated 
by  rliflet  and  Manheimer.  As  shown  by  ^liflet  and  Manheimer,  a 
simple  estimate  for  the  locking  bandwidth  obtainable  with  a 
prebunching  cavity  is  given  by: 


Ata» 
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Wo  ”  2QF 

where  n  is  the  normalized  interaction  length,  6  is  the  normalized 
resonance  detuning  parameter,  I^  is  the  normalized  current,  F  is 
the  normalized  steady-state  field  amplitude,  Q  is  the  quality 
factor  of  the  output  cavity,  is  the  regular  Bessel  function  of 
order  1,  Jj  is  its  derivative,  q  is  the  beam  azimuthal  phase 
bunchin'’  parameter  (defined  in  Eq.  6  below),  and  6.,  is  the 
initial  transverse  velocity  of  the  electron  beam  divided  by  c, 
the  speed  of  light.  The  normalized  gyrotron  parameters  are 
defined  as  in  Danly  and  Temkin  (1986).  The  Bessel  function 
derivative  on  the  right-hand  side  of  Eq.  (1)  can  be  replaced  by 
0.5,  to  a  good  approximation,  for  moderate  voltage  devices 
(V<100kV).  Equation  (1)  assumes  that  the  axial  RF  field  profile 
in  the  cavity  has  a  gaussian  form  given  by 

f ( z ) -exp { - ( 3^  M 2z/d- 1 ) ] M  where  t  ranges  from  0  to  d  and  d  is  the 
effective  interaction  length  in  MKS  units.  The  normalized 
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interaction  length,  and  the  detuning  parameter  for  the 
fundamental  harmonic  interaction  ace  defined  in  terms  of  physical 
parameters  expressed  in  MKS  units  according  to: 
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where  0^ ^  is  the  axial  beam  velocity  at  the  cavity  input  divided 
by  c,  Wg  and  X  are  the  angular  frequency  and  wavelength  of  the 
radiation,  and  2  is  the  relativistic  cyclotron  frequency.  For  a 
linearly  polarized  TE^ „  circular  waveguide  mode  and  an  on-axis 
beam,  the  normalized  wave  amplitude  and  beam  current  for  the 
fundamental  harmonic  interaction  are  given  by: 
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where  e  is  the  electron  charge,  m,  is  the  electron  rest  mass,  w, 
is  the  free  space  permeability,  v,  is  the  relativistic  mass  ratio 
of  the  beam  prior  to  the  interaction,  r,  is  the  cavity  wall 


4 


radius,  S  is  the  peak  electric  field  at  the  beam,  I,  is  the  dc 
beam  current,  is  a  zero  of  Jj(x),  and  k^^  ^n/^w  the 

transverse  wavenumber.  Equations  (4)  and  (5)  assume  that  the 
electron  beam  is  placed  on  a  maximum  of  which  optimizes 

the  beam-RF  wave  coupling  impedance  for  linearly  polarized  TEj  „ 
modes,  where  R^  is  the  beam  guiding  center  radius.  Equation  (1) 
neglects  effects  of  axial  velocity  modulation  caused  by  the 
interaction  in  the  bunching  cavity  and  the  effects  of  initial 
beam  velocity  spread.  As  discussed  by  Manheimer  (1987),  the 
effect  of  beam  velocity  spread  is  to  reduce  the  resonance 
detuning  parameter  at  which  a  given  locking  bandwidth  can  be 
obtained.  If  the  expected  beam  quality  is  obtained  (/iVj/v^<5%) 
this  effect  should  be  small  in  the  present  experiment. 

The  interaction  length  for  optimum  oscillator  efficiency 
corresponds  to  /j  -  6-12  in  the  high  power  regime.  Maximum  output 
power  and  frequency  bandwidth  are  obtained  by  using  low  Q  values 
of  order  200  to  500.  In  their  investigation  of  gyroklystron 
design  optimization  Ganguly  and  Chu  (1981)  define  a  phase 
parameter  which  represents  the  phase  slippage  of  a  beam 

electron  relative  to  the  RF  field  due  to  kinematic  effects.  High 
efficiency  is  obtained  by  choosing  t-n-2rt  for  the  output  cavity. 
The  bunching  process  is  most  efficient  when  t'_0  for  the  bunching 
cavity.  The  detuning  parameter  a  is  usually  the  same  for  both 
cavities  and  high  output  cavity  efficiency  requires  that  A-1. 

These  condi tions  can  be  satisfied  by  keeping  the  bunching  cavity 
short ,  i  .  e  .  ,  -  2-3  . 
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Equation  (1)  shows  that  the  maximum  possible  bandwidth, 
according  to  perturbation  theory,  corresponds  to  the  maximum 
value  (0.58)  of  the  Bess*il  function  Jj  .  This  maximum  occurs  for 
q-1.83.  A  bunching  parameter  this  large  is  very  difficult  to 
achieve  with  a  single  bunching  cavity  but  appears  feasible  with 
multiple  bunching  cavities. 

III.  Bunching  Cavity  Design 

The  electron  beam  produced  by  a  pulseline  accelerator  is 
characterized  by  voltage  ripple  and  shot-to-shot  variation  which 
affect  the  resonance  detuning  of  the  interaction.  For  this 
reason  it  was  considered  highly  desirable  for  the  bunching 
cavities  to  be  as  stable  aS  possible.  Stability  is  enhanced  by 
choosing  a  short  interaction  length  and  a  low  Q  factor.  Using  a 
low  Q  factor  also  increases  the  bunching  cavity  bandwidth,  which 
ultimately  limits  the  phase-locking  bandwidth,  but  it  decreases 
the  bunching  fields,  and,  hence,  the  beam  bunching  parameter  q, 
obtainable  for  a  given  drive  power.  The  buncning  parameter  and 
locking  frequency  bandwidth  can  be  enhanced  by  adding  a  second 
(passive)  bunching  cavity  as  discussed  in  Section  V. 

The  design  pa-'ameters  of  the  bunching  and  power  cavities  were 
obtained  in  two  steps.  First,  possible  design  configurations 
were  obtained  based  on  idealised  cylindrical  cavities  with 
sinusoidal  RF  field  profiles.  This  led  to  preliminary  cavity 
lengths  and  Q  factors  and  allowed  the  i  n-'e  s  1 1  ga  t  i  on  of  possible 
competing  modes.  Mext,  realistic  FfF  field  profiles  were 


calculated  numerically  for  actual  cavity  wall  dimensions  and  the 
device  operating  parameters  were  recalculated.  A  small  sigral 
threshold  current  code  for  cylindrical  gyrotron  cavities, 
developed  by  Chu  1978,  was  used  to  investigate  possible  competing 
modes.  Figure  2  shows  a  scan  of  Q  x  threshold  beam  power  ( QP.  „  ,  1 
versus  magnetic  field  at  maximum  voltage  for  the  TE. . j  mode  in 
the  prebunching  cavity  and  for  possible  competing  modes.  The 
calculations  assume  d/X-2  and  *-v^  ,  v. -0 . 75  .  The  TE,  .  modes 
interact  at  the  first  harmonic,  the  TE, ,  modes  interact  at  the 
second  harmonic,  and  the  TE, j  modes  interact  at  the  third 
harmonic.  This  figure  shows  significant  competition  from  modes 
interacting  at  higher  harmonics  (wa29,  etc.),  as  well  as  from 
higher  order  axial  modes  interacting  at  the  fundamental.  Mote 
that  in  this  model  the  TE, , ^  mode  interaction  occurs  at  a  lower 
magnetic  field  than  the  TE, , ,  mode  interaction  and  that,  for  a 
given  Q  factor,  the  minimum  threshold  current  is  higher  for  the 
higher  order  axial  mode.  As  such  the  TE, , ,  mode  would  not  appear 
to  be  an  important  competing  mode.  As  discussed  below,  this 
situation  changes  when  the  effect  of  the  relatively  large  drift 
tube  radius  is  taken  into  account.  The  horicontai  line  labelled 
Q-200  denotes  the  e-beam  power.  Axial  slots  will  be  used  to 
reduce  competing  mode  Q  factors  as  well  as  control  the  Q  of  the 
operating  mode.  The  design  calculations  for  the  cavity  slcts  and 
locking  signal  input  coupler  are  described  in  Section  IV.  The 
calculations  shown  in  Fig.  2  are  for  linear  pciaricaticn  and  an 
axis-centered  beam  with  no  spread  in  electrcn  trajectory  guiding 


centers.  In  this  limit,  which  is  a  good  approximation  for  the 
current  beam  parameters,  the  starting  current  for  linear 
polarization  is  simply  twice  that  for  circular  polarization. 


A  major  design  constraint  for  a  fundamental  mode,  solid  beam 
gyroklystron  is  the  need  to  maintain  adequate  cavity  isolation 
while  providing  sufficient  clearance  in  the  drift  sections  to 
propagate  the  beam.  In  the  present  case,  the  ratio  of  drift  tube 
radius  to  cavity  wall  radius  is  r^,  r^-0.8.  This  means  that  the 
cavity  RF  fields  are  only  weakly  cut  off  in  the  drift  tube  and 
tiiat  evanescent  fringe  fields  extend  well  into  the  drift  tube 
region.  This  effect  leads  to  an  axial  RF  field  profile  which  is 
mere  accurately  modelled  by  a  gaussian  function.  The  axial  RF 
field  profile  cor  responding  to  particular  cavity  dimensions  was 
obtained  numerically  using  a  computet  code  based  on  the  weakly 
irregular  waveguide  theory  developed  in  Fliflet  and  Read  (1981), 
modified  for  evanescent  boundary  conditions  at  each  end  of  the 
cavity.  (This  approach  may  somewhat  overestimate  the  field 
leakage  into  the  cutoff  region  because  coupling  to  higher  order 
evanescent  modes,  which  will  occur  when  there  are  sharp 
discontinuities  in  the  cavity  wall,  is  not  included  in  the 
computer  model.)  This  profile  was  then  used  in  an  electron 
trajectory  integration  code  'Fliflet  1985'  to  determine  the 
oscillation  threshold  current  as  a  function  of  magnetic  field. 

The  length  of  the  cavity  above-cutoff  section  was  varied  to 
obtain  a  value  for  which  the  minimum  threshold  ourront  for  the 
TE,  .  .  mode  is  greater  than  the  b^im  current.  In  this  way,  a  TE,  . 
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cavity  design  having  a  minimum  cold  beam  threshold  current  of  150 
Amp  and  a  normalized  length  //-1. 9  for  a-0.75  was  obtained.  The 
cavity  wall  and  RF  field  profiles  for  this  mode  and  the  TE,  ,  , 
mode  ate  shown  in  Fig.  3.  The  TE. . ,  mode  is  the  only  higher 
order  mode  with  TE^ ^  mode  symmetry  in  the  bunching  cavity.  It  is 
only  slightly  cut  off  in  the  drift  tubes,  and  therefore  has  a 
much  greater  axial  extent  than  the  TE, , j  mode.  The  possibility 
of  competition  from  this  mode,  which  oscillates  at  about  40  GHz, 
is  discussed  below.  Taking  into  account  insertion  losses,  the 
power  coupled  into  the  TEj j j  mode  is  assumed  to  be  5  kw.  This 
leads  to  a  normalized  field  amplitude  Fj«0.03  in  the  first 
bunching  cavity  for  a  total  Q  of  200. 

The  primary  consideration  in  choosing  the  length  of  the  drift 
tube  separating  the  cavities  was  to  provide  adequate  cavity 
isolation.  In  addition,  it  was  considered  prudent  to  keep  the 
drift  length  short  to  minimize  the  deleterious  effects  of  beam 
velocity  spread.  An  effective  drift  tube  length  of  Vj-3  was 
chosen,  where  is  the  distance  from  the  end  of  the  bunching 
cavity  to  the  entrance  of  the  next  cavity,  normalized  in 
accordance  with  Eq .  (2).  Actually,  the  boundary  between  the  end 

of  the  cavity  and  the  beginning  of  the  drift  tube  is  not  well 
defined  due  to  the  strong  fringe  fields;  however,  this  was  taken 
into  account  in  the  calculations.  The  detuning  parameter  for  a 
typical  magnetic  field  of  32  kG  is  ,1-0.91.  As  shewr.  m  Tran  e t 
al .  (1986),  the  bunching  parameter  for  a  single  bunching  cavity 

with  these  parameters  can  be  calculated  using: 
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where  parameters  with  a  "1"  subscript  denote  bunching  cavity 
parameters.  The  result  is  q-0.39. 

The  resonant  frequency  of  the  TEj j j  mode  in  the  bunching 
cavity  is  -40  GHz  and  the  mode  is  very  weakiy  cut  off  in  the 
drift-tube  sections.  This  leads  to  a  mode  with  a  significantly 
longer  axial  extent  than  the  TE^ j j  mode  as  shown  in  Fig.  3.  This 
in  turn  leads  to  a  very  low  starting  current  for  this  mode  and  a 
shift  in  the  resonance  interaction  to  higher  magnetic  fields. 

The  threshold  oscillation  current  as  a  function  of  magnetic  field 
at  full  operating  voltage  (1  MV)  is  shown  in  Fig.  4  for  the  TE^ ^ ^ 
and  TCj 2 2  modes  assuming  realistic  axial  field  profiles. 
Comparison  of  this  figure  with  Fig. ‘2  shows  that  the  magnetic 
field  corresponding  to  the  minimum  threshold  current  is 
approximately  the  same  for  the  TEj j ,  mode  in  both  cases;  however, 
in  the  case  of  the  TEj j ,  mode,  it  has  been  shifted  to  a 
significantly  higher  value  for  the  realistic  field  profile.  The 
minimum  TEj ^ ,  mode  threshold  current  for  the  realistic  profile  is 
also  much  lower  than  the  operating  current.  (Note  that  L  denotes 
the  axial  mode  index  in  Figs.  2-4.)  The  threshold  current  for 
the  TE,  j ,  output  cavity  mode  based  on  a  realistic  axial  field 
profile  (Fliflet  and  Read  1981'  is  also  shown  in  Pig.  4.  This 
figure  shows  that  the  resonant  magnetic  field  for  this  mode 
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occurs  below  values  corresponding  to  the  excitation  of  the  TE^ ^ ^ 
bunching  cavity  mode.  Thus  the  TE^ ^ 2  mode  interaction  should  not 
occur  at  full  operating  voltage,  but  excitation  of  this  mode  is 
probable  during  the  rise  and  fall  of  the  voltage  pulse. 

A  time-dependent,  single  RF  mode  simulation  code  discussed  in 
Fliflet  and  Manheimer  was  used  to  investigate  transient 
oscillations  in  the  TEj^  ^  2  mode  for  an  approximate  VEBA  voltage 
waveform.  The  beam  current  and  momentum  pitch  ratio  (a)  were 
assumed  to  scale  as  and  a«V  as  in  previous  work  (Gold  e t 

al .  1987).  Power  generated  in  the  TE^ j ^  mode  in  the  prebunching 
cavities  during  the  rise  and  fall  of  the  voltage  pulse  is  shown 
in  Fig.  5  for  magnetic  fields  of  31,  32,  and  33  kG,  respectively. 
Most  of  this  power  would  be  radiated  from  the  cavity  slots  and 
apertures.  The  peak  power  developed  in  this  mode  can  be 
substantial,  up  to  several  MW's  for  a  33  kG  field,  but  in  all 
cases  no  oscillation  occurs  during  the  voltage  flat-top. 

IV.  Bunching  Cavity  Slot  and  Input  Coupler  Design 

The  first  prebunching  cavity  must  have  a  low  value  of  Q  to 
the  desired  TEj^  ^  ^  mode,  which  will  be  injected  into  the  cavity 
from  the  reference  source,  as  well  as  to  any  other  modes  that 
might  oscillate  in  the  cavity,  including  modes  that  are  resonant 
at  higher  harmonics  of  the  cyclotron  interaction.  The  Q  value 
selected  to  achieve  this  was  200.  Since  this  cavity  is  closed  at 
each  end,  the  Q  factor  for  a  simple  cyl i nd r i ca 1 ly  symmetric 
cavity  would  be  determined  by  ohmic  losses  and  by  cavity  losses 
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associated  with  the  input  coupling  aperture.  These  determine  the 
internal  and  external  Q  values,  and  Q,  respectively,  with  *-he 


total  value  of  Q  given  by  the  expression  =0^ Q, / ( +Q, ) .  Since 
the  ohmic  Q  would  normally  be  very  large  (>1000)  unless  specially 
resistive  walls  were  used,  achieving  the  required  Q  primarily 
with  the  coupling  aperture  would  result  in  a  highly  overcoupled 
configuration  (6>>1,  where  6*0^ /Q, ) .  Furthermore,  unless  great 
care  were  taken  with  the  location  of  the  aperture,  for  a  Q  of  200 
in  the  TE^  ^  mode,  the  aperture  might  not  load  all  possible 
oscillating  modes  sufficiently  to  prevent  their  oscillation.  (In 
fact,  it  would  not  load  at  all  those  modes  with  linear 
polarization  in  the  plane  of  the  coupling  apertures,  so  that  a 
multiple  aperture  configuration  might  be  required.) 

For  that  reason,  it  was  decided  to  load  the  cavity  Q  by  means 
of  a  pair  of  opposing  axial  slots,  in  order  to  reduce  the  value 
of  for  the  TE^  ^  ^  and  TEj^  2  modes  to  approximately  400.  In  that 
case,  a  coupling  Q  of  400  would  yield  a  total  Q  of  200  at  a 
coupling  6  of  1.  An  additional  advantage  to  the  use  of  a  pair  of 
opposing  axial  slots  is  that  it  permits  a  limited  amount  of 
" squash-tuning"  of  the  resonant  frequency  of  the  bunching 
cavities.  This  capability,  both  for  the  bunching  cavities  and 
the  output  cavity,  is  important  to  create  experimental 
flexibility  because  the  predicted  phase-locking  bandwidth  (see 
Section  VIII)  can  be  much  smaller  than  the  predicted 
frequency-pulling  of  the  gyrotron  interaction  with  respect  to  the 
cold  cavity  frequencies  (see  Section  V). 
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Figure  6  shows  calculated  values  of  as  a  function  of  slot 
angle  for  the  TE^ ^  mode  as  well  as  for  several  possible  competing 
modes.  These  calculations  were  carried  out  using  a  theory  and 
computer  code  described  in  McDonald  et  al .  (1986),  and  assume 
that  the  slot  extends  wherever  the  mode  of  interest  has 
substantial  RF  fields,  so  that  the  calculation  is  reduced  to  a 
two-dimensional  boundary-value  problem.  Achieving  a  of  400 
for  the  preferred  linear  polarization  of  the  TEj ^ ^  mode  (i.e., 
the  mode  polarized  along  the  slot  plane)  by  means  of  axial  slots 
requires  a  full  slot  angle  of  44®.  (The  predicted  Q  of  the 
orthogonal  linear  polarization  is  less  than  5.)  This  slot  angle 

reduces  the  Q  of  the  competing  TE^  and  TE,  ^  to  85  and  34, 

respectively,  and  the  Q  of  the  TMq  mode  to  65.  (The  TM^  ^  mode 

was  of  possible  concern,  because  it  was  not  initially  clear  if 
axial  wall  slots  would  substantially  load  a  mode  without 
azimuthal  wall  currents.)  In  order  to  ensure  that  the  TE^ ^ ^ 
coupling  hole  would  also  substantially  load  the  TE^  ^  ^  "'ode,  the 
coupling  aperture  was  placed  one-third  of  the  distance  from  the 
end  of  the  cavity,  rather  than  at  the  cavity  midplane,  as  shown 
in  Fig.  3. 

Figure  3  shows  calculated  axial  RF-field  profiles  for  the 
TE^  j  and  TE^  ^  2  modes  for  one  of  the  prebunching  cavities  as  well 
as  the  location  of  the  large  number  of  apertures  and  slots  used 
both  to  suppress  higher-order  transverse  modes,  and  to  linearly- 
polarize  and  control  the  Q  of  the  desired  TE, ,  ^  mode  and  the 
competing  TE,^  ^  2  mode.  As  discussed  above,  the  drift  spaces  are 


very  weakly  cut  off  to  these  modes,  so  that  the  fields  extend 
well  into  the  drift  spaces  separating  the  cavities.  Thus,  the 
effective  RF  cavity  extends  well  beyond  the  nominal  cavity  length 
defined  by  the  enlarged  diameter  section.  The  length  of  the  main 
44“  axial  slots  of  the  cavity  region  is  three  times  the  length  of 
the  enlarged  section  of  the  cavity,  in  order  to  extend  everywhere 
that  the  TE^  mode  has  substantial  rf  fields.  As  Fig.  3  shows, 
the  TE^ 1 2  ™ode  extends  much  further  into  the  cutoff  region,  and 
has  substantial  fields  beyond  the  ends  of  the  main  cavity  slots. 
In  order  to  further  suppress  the  TE^  2  mode,  additional  pairs  of 
"keyhole"  slots  were  placed  in  the  walls  of  the  cutoff  section, 
beginning  just  beyond  the  main  cavity  slots,  but  at  an  angle  of 
90"  from  them.  These  slots  are  narrower  (~40“  full  angle)  at  the 
ends  nearest  the  cavities,  in  order  not  to  load  down  the  TEj j j 
mode  'excessively,  and  open  up  into  large  apertures  (diameters 
approximately  equal  to  the  cutoff  section  diameter)  at  the  ends 
farthest  from  the  cavities,  in  order  to  very  effectively  suppress 
modes  polarized  along  the  plane  of  the  main  cavity  slots.  The 
combination  of  large  slots  at  90“  intervals  in  different  regions 
of  the  cutoff  section  helps  both  to  limit  the  spatial  extent  of 
the  rf  fields  of  the  TE^  2  mode  of  the  cavity,  and  also  to 
substantially  lower  the  Q  of  the  TE^ ^  mode  of  the  drift  spaces, 
of  any  polarization,  as  well  as  of  other  modes  that  might  occur 
at  higher  harmonics  of  the  cyclotron  frequency,  in  order  to 
prevent  the  build-up  of  oscillation  in  these  regions.  Figure  7 
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shows  the  result  of  a  preliminary  cold  test  of  one  of  the 
bunching  cavities. 

V.  Effect  of  Adding  a  Second  Bunching  Cavity 

The  realization  of  maximum  phase-locking  bandwidth  requires  a 
bunching  parameter  of  at  least  1.8  as  discussed  in  Section  II. 
This  is  a  factor  of  -5  greater  than  that  which  can  be  achieved 
with  a  single  bunching  cavity  using  the  available  drive  power, 
since  in  this  case,  as  discussed  above,  q^-0 . 4 .  The  bunching 
parameter  can  be  increased  considerably  by  adding  a  second 
bunching  cavity.  The  principle  is  the  same  as  for  conventional 
klystrons;  The  ac  current  induced  on  the  beam  by  the  RF  fields 
in  the  first  cavity  induce  much  stronger  fields  in  the  second 
cavity.  These  fields  in  turn  enhance  the  bunching  of  the  beam. 

As  shown  in  Tran  et  al .  (1986),  small-signal  gyroklystron  theory 
can  be  used  to  calculate  the  induced  field  Fj  in  the  second 
cavity : 


where  ,  S=»2Q(  -w,,  ^  )/(•>,  and  q^  is  the  bunching  parameter 

at  the  input  to  the  second  cavity.  The  frequency  is  the 
locking  signal  frequency  and  ^  is  the  beam-loaded  resonant 
frequency  of  the  second  cavity.  Since  the  bunching  cavities  are 
identical  in  the  present  design,  I^,=I„,=1.1  and  r/,=yj=1.9.  The 
beam-loaded  oscillation  frequency  of  the  TE,  ^  ,  mode,  expressed  as 
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a  shift  relative  to  the  cold  cavity  resonant  frequency,  is  shown 
in  Fig.  8  for  gaussian  (/;-!. 9)  and  realistic  axial  mode  profiles. 
These  results  were  obtained  using  the  time-dependent  simulation 
code  discussed  in  Fliflet  and  Manheimer  for  RF  field  amplitudes 
in  the  small-signal  regime.  The  realistic  profile  leads  to  a 
frequency  shift  of  0.5%  for  B-32  kG,  while  the  gaussian  profile 
gives  a  shift  of  0.7%.  The  gaussian  profile  length  parameter  was 
chosen  to  give  a  good  fit  to  the  minimum  TE^ ^ ^  mode  starting 
current  determined  using  the  realistic  profile.  However,  the 
realistic  profile  frequency  shift  is  expected  to  be  more 
accurate.  Since  the  maximum  phase-locking  bandwidth  is  about 
0.1%,  the  beam-loaded  frequency  shift  must  be  taken  into  account 
in  the  circuit  design.  The  maximum  induced  field  amplitude  in 
the  second  bunching  cavity  for  an  on-resonance  drive  signal  is 
shown  in  Fig.  9  as  a  function  of  magnetic  field  for  qj»0.3.  This 
value  of  qj  is  about  75%  of  the  value  predicted  by  Eq.(6) 

[q-0.39]  in  order  to  allow  for  effects  such  as  velocity  spread 
which  may  reduce  the  effective  bunching.  Figure  9  shows  FjlO.47 
for  B*32  kG,  which  is  an  order  of  magnitude  higher  than  the  field 
induced  in  the  first  cavity  by  a  5  kW  locking  signal.  This 
analysis  is  supported  by  time-dependent  simulations  (Fliflet  and 
Manheimer)  for  B-32  kG.  The  solid  dot  shows  the  result  of  a 
simulation  based  on  the  realistic  axial  mode  profile  and  the  open 
circle  shows  the  result  for  a  simulation  using  a  gaussian  profile 
(/;»!. 9).  As  shown  in  the  figure,  the  gaussian  profile  simulation 
is  about  11%  lower  than  the  estimate  based  on  Eq .  (7)  and  the 
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realistic  profile  simulation  is  about  17%  higher.  These  results 
are  considered  to  validate  Eq.  (7),  which  is  very  useful  for 

■ 

parameter  optimization  studies.  Figure  10  shows  the  induced 

field  amplitude  in  the  second  bunching  cavity  as  a  function  of 

the  drive  frequency  expressed  as  a  shift  relative  to  the  beam- 

loaded  resonant  frequency.  The  curves  labelled  "RP"  and  "GP"  ^ 

correspond  to  simulation  results  for  realistic  and  gaussian 

profiles,  respectively,  and  the  curve  labelled  "analytic" 

» 

corresponds  to  Eq.  (7).  The  calculations  assume  B-32kG  and  1 

q-0.3. 

VI.  Output  Cavity  Design 

The  TEj 2 j  mode  output  cavity  is  formed  by  a  length  of 
cylindrical  waveguide  followed  by  a  5“  uptaper.  In  most  of  the  i 

design  analyses,  the  cavity  axial  mode  profile  is  represented  by  j 

a  gaussian  with  an  effective  length  i/-4.5.  Thus,  the  length  is 
less  than  optimum  for  highest  efficiency.  However,  a  longer  l 

cavity  would  shift  the  optimum  operating  point  to  higher  magnetic  j 

fields  which,  in  turn,  would  increase  the  likelihood  of 
competition  from  the  TEj^  ^  2  mode  in  the  bunching  cavities.  A 
short  cavity  is  also  better  matched  for  high  power  operation. 

The  diffraction  output  Q  factor  is  calculated  to  be  approximately 
400  using  the  theory  presented  in  Fliflet  and  Read  (1981).  The 
numerically  computed  axial  cavity  profile  for  the  output  cavity 
is  shown  in  Fig.  11. 
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A  scan  of  QPthr  versus  magnetic  field  is  shown  in  Fig.  12  for 
the  TEj 2 j  mode  and  competing  modes.  The  calculation  assumes  a 
sinusoidal  profile  with  length  d“4.5X  and  linear  polarization. 

The  TE^ 2  interact  at  the  first  harmonic,  the  TEj 3  modes 

interact  at  the  second  harmonic,  and  the  TE3 ^  modes  interact  at 
the  third  harmonic.  The  horizontal  line  shows  the  beam  power 
corresponding  to  Q-400.  The  line  is  clearly  well  above  the 
oscillation  threshold  for  the  TEj 2 1  mode.  Figure  12  indicates 
that  potential  competing  modes  include  TEj 3  modes  interacting  at. 
the  second  harmonic  and  higher  order  TEj 2  axial  modes  interacting 
at  the  fundamental.  The  modes  supporting  the  higher  order 
harmonic  interactions  are  discriminated  against  by  the  addition 
of  axial  slots.  The  higher  order  axial  modes  are  discriminated 
against  by  the  diffraction  output  coupling. 

The  axial  slot  angle  is  chosen  such  that  the  axial  slots  have 
minimal  effect  on  the  TE^ 2 1  mode  while  significantly  loading 
competing  modes.  The  numerically  calculated  curves  of  threshold 
current  versus  magnetic  field,  based  on  realistic  RF  field 
profiles  for  the  bunching  and  output  cavities,  are  shown  in  Fig. 
4.  The  oscillation  threshold  current  based  on  the  realistic 
axial  profile  for  the  output  cavity  is  compared  in  Fig.  13  with 
the  result  obtained  using  the  time-dependent  simulation  code  with 
a  gaussian  profile  of  length  u-4.5.  The  two  calculations  are  in 
good  .agreement  with  respect  to  the  minimum  threshold  current,  but 
differ  in  shape  particularly  at  the  high  magnetic  fields.  In 
addition  to  the  difference  in  the  profiles  themselves,  this 
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difference  is  attributed  in  part  to  a  more  accurate  treatment  of 
the  beam-loaded  frequency  shift  in  the  time-dependent  code  than 
in  the  steady-state  code  (Fliflet  1985)  used  for  the  realistic 
profile  calculation. 

VII.  Output  Cavity  Slot  Design 

The  output  cavity  Q  should  be  determined  principally  by  the 
output  coupling,  so  that  substantial  energy  will  not  flow  out  of 
the  slots.  The  intrinsic  Q  of  the  unslotted  output  cavity  is 
approximately  400.  Fig.  14  shows  the  calculated  "slot  Q"  versus 
slot  half-angle  for  the  output  cavity.  A  full  slot  angle  of  30® 
was  selected  to  yield  a  slot  Q  of  -3000  for  the  preferred 
polarization,  thus  lowering  the  overall  cavity  Q  to  approximately 
350,  while  effectively  eliminating  the  orthogonal  linear 
polarization.  This  slot  angle  yields  a  slot  Q  factor  of  394  for 
the  TEj 3 1  mode  for  an  overall  Q  factor  of  198  for  this  mode.  As 
discussed  in  Section  IV  with  respect  to  the  bunching  cavities, 
the  slots  also  permit  a  modest  amount  of  squash-tuning  of  the 
output  cavity.  The  results  of  a  preliminary  cold  test  of  the 
output  cavity,  showing  the  result  of  its  squash- tuning ,  are  given 
in  Fig.  15. 

The  three  microwave  cavities  and  the  connecting  drift 
sections  are  shown  to  scale  in  Fig.  16.  Because  of  the  cavity 
slots,  a  separate  vacuum  enclosure  surrounds  the  cavities.  The 
vacuum  enclosure  is  lined  with  microwave  absorber,  and  is 
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designed  to  isolate  the  three  cavities  from  each  other,  in  order 
to  avoid  the  possibility  of  undesired  feedback. 


VIII,  Bandwidth  Estimate 

The  free-running  oscillator  (FRO)  parameters  for  the  output 
cavity  are  shown  as  a  function  of  magnetic  field  in  Fig.  17. 

These  parameters  include  the  normalized  RF-field  amplitude,  the 
beam-loaded  frequency  shift  relative  to  the  cold  cavity 
frequency,  the  ratio  of  the  beam  current  to  the  threshold  beam 
current,  and  the  electronic  efficiency.  As  shown  in  Fig.  17,  the 
peak  efficiency  of  13%  occurs  at  B-32  kG  and  corresponds  to  a 
detuning  parameter  A-0.91  and  field  amplitude  F»0,43.  The 
beam-loaded  frequency  shift  is  0.1%  at  32  kG  and  increases  with 
magnetic  field.  The  normalized  beam  current  for  the  output 
cavity  is  I(jj-0.3S.  Based  on  these  parameters,  the  locking 
frequency  bandwidth  of  the  device  can  be  estimated  using  the 
theory  outlined  in  Section  II.  Assuming  optimum  bunching,  the 
Bessel  function  in  Eq .  (1)  can  be  replaced  by  0.58  to  obtain  an 
upper  bound  on  the  achievable  bandwidth  according  to  linear 
theory.  The  result  is  shown  in  Fig.  18  as  a  function  of  magnetic 
field.  At  B«32kG,  the  predicted  bandwidth  is  0.161.  As  shown  in 
Fig.  18,  the  bandwidth  is  an  increasing  function  of  the  magnetic 
field.  Some  increase  in  bandwidth  could  therefore  be  achieved  by 
increasing  the  magnetic  field  at  the  cost  of  somewhat  reduced 
efficiency . 
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The  analytical  results  for  the  locking  frequency  bandwidth 
are  supported  by  simulations  using  the  time-dependent 
slow-time-scale  (STS)  code  described  in  Fliflet  and  Manheimer. 

The  simulations  do  not  account  for  spreads  in  beam  energy, 
electron  orbit  guiding  center,  or  axial  velocity.  The  efficiency 
is  not  expected  to  be  sensitive  to  such  effects;  however,  the 
locking  bandwidth  would  be  reduced  by  excessive  velocity  spread, 
i.e.,  greater  than  5%.  Code  results  (which  are  not  based  on 
perturbation  theory)  are  shown  in  Figs.  19  and  20  for  the  output 
cavity  driven  by  a  beam  with  q-2.0.  This  value  of  q  was  chosen 
as  representative  of  optimal  bunching  in  the  nonlinear  regime, 
based  on  a  limited  parameter  search  using  the  code.  (The  optimal 
value  predicted  by  linear  theory  is  q-1.83.)  A  gaussian  axial 
mode  with  ^/-4.5  is  used  in  the  calculations.  Figure  19  shows 
results  for  an  idealized  flat  voltage  pulse  including  the  driven 
oscillator  efficiency,  operating  frequency  expressed  as  a  shift 
relative  to  the  drive  frequency,  and  the  phase  of  the  RF  output. 
The  normalized  locking  frequency  shift  is  shifted  0.1%  from  the 
FRO  frequency  and  the  magnetic  field  is  32  kG.  The  efficiency  of 
the  driven  oscillator  is  17.5  percent  and  phase-locked  operation 
is  achieved  within  20  nsec.  The  corresponding  results  for  a 
typical,  somewhat  smoothed  voltage  waveform  for  the  VESA 
accelerator  are  shown  in  Fig.  20. 


IX.  Beam  Formation 

In  order  to  form  a  cold,  solid  electron  beam  with  an  a-0.75, 
a  "helix-gun"  approach  was  chosen,  in  which  a  cold  100  A  electron 
beam  is  produced  by  beam  aperturing  of  a  plasma-induced  field 
emission  diode,  and  the  required  beam  a  is  induced  by  transit 
through  a  helical  wiggler  magnetic  field  followed  by  adiabatic 
compression  of  the  applied  axial  magnetic  field.  The  diode  used 
in  this  device  is  derived  from  the  diode  used  in  tlie  VEBA  FEL 
experiment  (Jackson  et  al .  1983).  This  approach  is  illustrated 
schematically  in  Fig.l.  Based  on  the  amplitude  of  the  axial 
magnetic  field  in  the  vicinity  of  the  diode,  a  helix  period  of  4 
cm  was  selected. 

There  are  two  basic  approaches  to  "pumping  up"  the 
transverse  momentum  of  an  electron  beam  with  a  helical  wiggler 
magnet.  In  the  first  approach,  an  untapered  wiggler  of  fixed 
length  is  used  to  resonantly  pump  the  transverse  momentum.  In 
the  second  approach,  a  tapered  "adiabatic  entry"  wiggler  is  used 
to  inject  the  beam  into  wiggler  orbits  closely  approximating 
ideal,  constant  axial  velocity  wiggler  orbits,  and  then  the 
wiggler  is  abruptly  terminated,  releasing  the  electrons  into  the 
uniform  axial  field  with  the  same  value  of  trans  -erse  momentum 
that  they  had  developed  within  the  wiggler.  Either  approach 
should  work  in  the  current  experiment.  The  detailed  design  of 
the  beam-forming  system  will  be  the  subject  of  a  future  report. 


X.  Summary 

In  summary,  a  circuit  design  has  been  obtained  for  a 
phase-locked  intense  beam  gyrotron  oscillator  with  a  locking 
frequency  bandwidth  of  -0.1%.  The  effective  gain  of  output  power 
to  the  locking  power  needed  to  achieve  this  bandwidth  is  about  28 
dB .  The  circuit  makes  use  of  a  novel  arrangement  of  slots  and 
apertures  to  control  the  Q  of  the  bunching  cavities  and  to 
prevent  oscillation  in  spurious  modes.  K, -Band  cold  test 
cavities  have  been  constructed  and  have  shown  the  desired 
combinations  of  Q-values,  center  frequencies,  and  frequency 
tunability.  A  method  has  been  identified  to  produce  an  electron 
beam  with  the  desired  current,  a,  and  velocity  spread.  The 
successful  conclusion  of  this  design  effort,  and  our  success  in 
fabricating  cold  test  cavities  with  the  desired  combination  of 
properties,  points  the  way  to  an  experimental  test  of  our  design 
for  a  high  volta.ge  multi-cavity  35  GHz  phase-locked  gyrotron 
oscillator  in  the  near  future. 
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NRL  35  GHz  MULTI -CAVITY 
PHASE -LOCKED  GYROTRON 


experiment,  showing  the  arrangement  of  the  diode, 
wiggler,  and  microwave  cavities. 


ER  (kW  X  10') 


THRESHOLD  E-BEAM  POWER  FOR  BUNCHING  CAVITY  MODES 

(SINUSOIDAL  PROFILE) 


MAGNETIC  FIELD  (kG) 


Fig.  2.  Scan  of  Q  x  threshold  beam  power  versus  magnetic  field 
for  the  TEj^  ^  1  mode  and  competing  modes  in  the  bunching 
cavity.  The  calculations  assume  a  sinusoidal  axial  RF 
field  profile  with  L/X-2,  circular  polarization,  and 
a-0.75.  The  TEj^  ^  modes  interact  at  the  first  harmonic, 
the  TEj ^  modes  interact  at  the  second  harmonic,  and  the 
TEj 1  modes  interact  at  the  third  harmonic. 
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PREBUNCHING  CAVITY  SCHEMATIC 
AND  AXIAL  PROFILE  FUNCTIONS 
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Calculated  axial  profile  functions  for  the  TEj^  ^  and 
TEi  2  modes  of  the  prebunching  cavities,  indicating  the 


location  of  apertures  and  slots.  (The  calculated 
profiles  do  not  include  the  effects  of  the  four 
"keyhole"  slots,  which  are  expected  to  suppress  the 
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bunching  and  output  cavities  based 


TE„jMQDE  OSCILLATION 


t  (nsec) 


Fig.  5.  Time  evolution  of  RF  power  produced  by  TE^ ^ 2  self 
oscillation  in  a  bunching  cavityfor  three  magneti 
fields:  B  *  31  kG,  B  =  32  kG,  and  B  »  33  kG. 
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PREBUNCHING  CAVITY  Q  vs  SLOT  ANGLE 


and  for  possible  competing  modes  in  the  prebunch 
cavi ties . 


34.8  35.0  35.2  35.4 

FREQUENCY  (GHz) 


Fig.  7.  Cold  test  of  the  TE^ ^ ^  resonance  of  one  of  the  bunching 
cavities,  showing  incident  and  reflected  signals  at  the 
coupling  aperture,  and  the  transmitted  signal  measured 
by  the  sampling  aperture,  which  is  proportional  to  the 
rf  power  coupled  into  the  cavity.  (The  true  zero  point 
for  these  measurements  is  slightly  displaced  from  the 
nominal  zero  due  to  a  biasing  effect  introduced  by  a 
lock-in  amplifier  used  to  process  the  detected 
signals . ) 
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Fig.  8,  Beam-loaded  shift  in  resonant  frequency  for  the  TE^  i 
mode  in  the  bunching  cavities.  The  curve  labelled  GP 
corresponds  to  a  gaussian  axial  profile  and  the  curve 
labelled  HP  corresponds  to  the  realistic  profile. 
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I 

•  Fig 


9.  Maximum  induced  field  amplitude  in  second  bunching 

cavity  for  q  •  0.3.  The  solid  curve  is  based  on  Eq . 
(7).  The  solid  dot  is  the  simulation  result  using  the 
realistic  axial  profile  and  the  open  circle  is  the 
simulation  result  using  a  gaussian  profile. 
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.  10. 


Drive  Frequency  Shift  (%) 


Induced  field  amplitude  in  second  bunching  cavity  as  a 
function  of  drive  frequency  for  B  -  32  kG  and  q  -  0.3. 
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Fig.  11.  Axial  RF  field  profile  for  TE 
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Q  X  BEAM  POWER  (kW  x  ioO 


THRESHOLD  E-BEAM  POWER  FOR  OUTPUT  CAVITY  MODES 

(SINUSOIDAL  PROFILE) 
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0 

2.  Scan  of  Q  x  threshold  beam  power  for  the  TE^ j ^  mode  and 
competing  modes  in  the  output  cavity.  The  calculations 
assume  a  sinusoidal  axial  profile,  circular 
polarization,  L/X=4.5,  and  a=0.75.  The  TE^ j  modes 
interact  at  the  first  h^'monic,  the  TE, ^  modes  interact 
at  the  second  harmonic,  and  the  TE,  ^  modes  interact  at 
the  third  harmonic. 
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Fig.  13.  Oscillation  threshold  current  of  TE^ 2 ^  mode  in  output 
cavity  based  on  realistic  open  cavity  RF  field  profile 
.•  (Orp)  and  on  a  gaussian  profile  (G)  with  ^-4.5. 
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cavity  phase-locking  experiment. 
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Fig.  18.  Maximum  phase-locking  bandwidth  obtainable  using 
optimally  prebunched  beam  based  on  perturbation  t. 
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Fig.  19.  Time  evolution  of  output  cavity  efficiency,  operating 
frequency,  and  RF  phase  during  phase-locked  operation. 
The  calculation  assumes  a  flat  voltage  pulse,  qj-Z.O,  a 
magnetic  field  of  32  kG,  a  gaussian  profile  with  w»4.5, 
and  a  locking  frequency  shift  /iw  /w  *0.1%. 
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Fig.  20.  Time  evolution  of  output  cavity  efficiency,  operating 
freouency,  and  RF  phase  during  phase-locked  operation. 
The  calculation  assumes  '  typical,  somewhat  smoothed, 
VESA  voltage  pulse,  q3*2.0,  a  magnetic  field  of  32  kG, 
a  gaussian  axial  profile  with  ^-4.5,  and  a  locking 
frequency  shift  »0 . 1%  . 
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